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ABSTRACT
Spicules are the most ubuiquitous type of jets in the solar atmosphere. The advent of high-resolution
imaging and spectroscopy from the Interface Region Imaging Spectrograph (IRIS) and ground-based
observatories has revealed the presence of very high apparent motions of order 100-300 km s−1 in
spicules, as measured in the plane of the sky. However, line-of-sight measurements of such high speeds
have been difficult to obtain, with values deduced from Doppler shifts in spectral lines typically
of order 30-70 km s−1. In this work we resolve this long-standing discrepancy using recent 2.5D
radiative MHD simulations. This simulation has revealed a novel driving mechanism for spicules in
which ambipolar diffusion resulting from ion-neutral interactions plays a key role. In our simulation
we often see that the upward propagation of magnetic waves and electrical currents from the low
chromosphere into already existing spicules can lead to rapid heating when the currents are rapidly
dissipated by ambipolar diffusion. The combination of rapid heating and the propagation of these
currents at Alfve´nic speeds in excess of 100 km s−1 leads to the very rapid apparent motions, and
often wholesale appearance, of spicules at chromospheric and transition region temperatures. In our
simulation, the observed fast apparent motions in such jets are actually a signature of a heating front,
and much higher than the mass flows, which are of order 30-70 km s−1. Our results can explain the
behavior of transition region “network jets” and the very high apparent speeds reported for some
chromospheric spicules.
Subject headings: Magnetohydrodynamics (MHD) —Methods: numerical — Sun: transition region —
Sun: atmosphere — Sun: chromosphere
1. INTRODUCTION
Jets are very common in the solar chromosphere. They
are most often detected as rapidly evolving linear fea-
tures in which plasma appears to be accelerated and
sometimes heated, with the bulk of the plasma flow
often penetrating into the overlying and much hotter
corona. There is a wide variety of chromospheric jets,
including surges, penumbral microjets, anemone jets,
macrospicules and spicules (Raouafi et al. 2016). To fully
understand the impact of these different jets on the mass
and energy balance of the low solar atmosphere, it is key
to better understand the mechanisms that drive these
jets. In this paper we focus on the most common of solar
jets, spicules, as they have the largest potential to im-
pact the overlying corona or solar wind (Beckers 1968;
Athay & Holzer 1982; McIntosh et al. 2011; De Pontieu
et al. 2011). During the past decade, significant progress
has been made in better understanding spicules and how
they impact the solar atmosphere, but key questions re-
main.
At least two different types of spicules have been re-
ported. The so-called type I spicules, identified as dy-
namic fibrils or mottles on the disk, show both appar-
ent motions and mass flows of maximally 10-40 km s−1
and appear to be driven by magneto-acoustic shocks
that form when convective motions, p-modes or mag-
netic disturbances propagate upward into the chromo-
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sphere (Hansteen et al. 2006; De Pontieu et al. 2007a;
Rouppe van der Voort et al. 2007; Mart´ınez-Sykora et al.
2009). The transition region response to type I spicules
appears to be limited to brightenings at the top of the
spicule (Skogsrud et al. 2016). The bulk of spicules ob-
served at the solar limb are however type II spicules.
These are much faster, showing apparent motions with
maximum speeds of 30-150 km s−1 (De Pontieu et al.
2007b; Pereira et al. 2012). Such speeds dominate the
spicules seen in the chromospheric Ca II H passband,
which recent results indicate are the initial upward phase
of longer-lived spicules that show up-and-downward mo-
tion when viewed over a wide range of chromospheric and
TR passbands (Skogsrud et al. 2015). In contrast to type
I spicules, they often appear to be associated with heat-
ing to at least transition region temperatures (De Pontieu
et al. 2014a; Rouppe van der Voort et al. 2015). Their
short-lived (∼ 20 − 50s) transition region counterparts
often appear in Si IV and C II slit-jaw images from the
Interface Region Imaging Spectrograph (IRIS, De Pon-
tieu et al. 2014b) as linear features that emanate from
magnetic network with even higher apparent speeds of
80-300 km s−1 (Tian et al. 2014; Narang et al. 2016). The
transition region counterparts appear to be shorter and
slower in quiet Sun than in coronal holes, presumably be-
cause of differing magnetic field configurations (Narang
et al. 2016). Such high apparent speeds have also been
found in other upper chromospheric lines such as Lyα
(Kubo et al. 2016). There is however a large discrepancy
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between these high apparent speeds and the actual mass
flows in spicules as deduced from Doppler shift measure-
ments. For example, the on-disk chromospheric coun-
terparts of type II spicules are rapid blueshifted events
(RBEs) which show typical Dopplershifts of 20-50 km s−1
(Sekse et al. 2012, 2013). Similarly, Doppler shift mea-
surements in transition region lines of spicules show ve-
locities up to only 50-70 km s−1 (Rouppe van der Voort
et al. 2015).
The viewing geometry could in principle explain some
of the differences between the apparent motions, often
measured at the limb, and Doppler shifts, typically mea-
sured on the disk. However, the fact is that Doppler
shifts of 100-300 km s−1 are extremely uncommon on
the disk and would be expected if the plane-of-the-sky
motions were real mass motions. More importantly, the
IRIS observations of the apparent and real mass motions
of transition region counterparts of spicules (Tian et al.
2014; Rouppe van der Voort et al. 2015) are both on
the disk, i.e., with similar viewing angles. These differ-
ences thus appear to be real and not easy to explain, thus
providing strict constraints for any theoretical model of
spicules. A multitude of theoretical models have been
developed in the past, but until recently no single model
has been able to simultaneously explain, in detail, the
ubiquity, dynamic and thermal evolution and visibility
and appearance in various chromospheric and transition
region observables (for a review, see Tsiropoula et al.
2012; Sterling 2000). Here we exploit a recent numer-
ical model based on 2.5D radiative MHD simulations
that proposes that type II spicules occur when magnetic
tension, created through the interaction between strong
flux concentrations and weaker, granular scale, magnetic
flux concentrations, can diffuse into the chromosphere
through ambipolar diffusion. In the chromosphere, the
sudden release of tension drives strong flows and ion-
neutral interactions lead to heating of the spicular plasma
(Mart´ınez-Sykora et al. 2017b). We compare the model
predictions with observations from IRIS.
2. OBSERVATIONS
We use IRIS 1400A˚ slit-jaw images (SJI) of an on-
disk plage region (NOAA AR 11809) centered at [x, y] =
[383, 124]′′, with a Field-Of-View of 119′′×120′′. The ob-
servations were taken on 04-Aug-2013 10:38-11:41 UTC.
IRIS was in sit-and-stare mode (IRIS obs-id 4043007648)
taking only the 1400A˚ SJI passband images with cadence
of 5.6 s and exposure time of 4 s. We use level-2 IRIS
data that was corrected for flat-field, dark current, ge-
ometry and co-alignment (De Pontieu et al. 2014b).
3. SIMULATIONS
We compare our observations with a numerical simula-
tion that uses Bifrost, a radiative MHD code (Gudiksen
et al. 2011). This code solves the MHD equations in-
cluding radiative transfer from the photosphere to corona
(Hayek et al. 2010; Carlsson & Leenaarts 2012) and ther-
mal conduction along the magnetic field. We also include
ion-neutral interaction effects by using the Generalized
Ohm’s law, i.e., by adding the ambipolar diffusion and
Hall term to the induction equation (Mart´ınez-Sykora
et al. 2012, 2017a).
The simulation analyzed here is the 2.5D radiative
MHD model described in detail in Mart´ınez-Sykora et al.
(2017a,b). The numerical domain ranges from the upper
layers of the convection zone (3 Mm below the photo-
sphere) to the self-consistently maintained hot corona
(40 Mm above the photosphere) and 90 Mm along the
horizontal axis. We use this particular model because
it is the first Bifrost simulation in wich type II spicules
occur ubiquitously. Mart´ınez-Sykora et al. (2017b) show
that ambipolar diffusion plays a dominant role in the
formation of spicules. To compare our simulation with
observations, we calculate the synthetic Si IV intensity
assuming equilibrium ionization and the optically thin
approximation, similar to the methods used by Hansteen
et al. (2010).
4. RESULTS
Measurements of apparent motions of spicules in the
plane-of-the-sky reveal a wide range of velocities, with
the highest velocities recorded in IRIS slit-jaw images.
These are sensitive to emission from lower transition re-
gion lines like C II 1335A˚ (SJI 1330 A˚) and Si IV 1402A˚
(SJI 1400 A˚). Previous results indicate that velocities
of 80-250 km s−1 (Tian et al. 2014) are common. A
statistical study shows that apparent velocities of up to
350 km s−1 are sometimes seen, with clear differences
between coronal hole (190 ± 60 km s−1) and quiet Sun
(110±40 km s−1) spicules (Narang et al. 2016). Such fast
motions in spicules also occur in active regions: Figure 1
shows two examples of spicules (left panels) that emanate
from strong magnetic flux concentrations in plage as ob-
served in the IRIS SJI 1400 A˚ channel. The space-time
evolution (right panels) of these two different spicules
show similar behavior. We see very rapid (i.e., almost
vertical in the space-time plot) linear brightenings (red
in the right panels) that shoot outward from the spicule
footpoints. These fast apparent jets appear to occur
along an existing spicule and cover the full length of the
spicule (∼ 4′′, i.e., 3 Mm) within a few tens of seconds.
The previously existing spicule is seen as a very faint
(note the logarithmic intensity scale in the right pan-
els) parabolic path with a lifetime of ∼ 10 (top) and 8
(bottom) minutes. Most spicules do not show such clear
parabolic profiles in space-time plots derived from IRIS
slitjaws. In those cases, the only observed features are
the rapid apparent jets. This is especially the case in
quiet Sun and coronal hole spicule observations. The
fast apparent jets are sometimes repetitive, with linear
brightenings recurring along the same spicules (bottom
panel of Figure 1).
Similar behavior is seen in the synthetic transition
region observables calculated from our numerical sim-
ulation. Upper chromospheric and transition region
observables reveal the presence of linear features with
very fast apparent motions associated with the simulated
spicules. The example in the space-time plot of synthetic
Si IV 1402A˚ intensity in Figure 2 reveals two very fast ap-
parent jets that appear almost consecutively, one next to
the other. These apparent jets occur on an already fully
evolved spicule which is “filled” along its whole length
with a strong Si IV 1402A˚ brightening within 10 sec-
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Fig. 1.— The space-time evolution of Si IV from observations with the IRIS 1400 slit-jaw channel reveals linear, jet-like, intensity
brightenings (red, almost vertical features in the right panels) at t=10:41:00 UTC (bottom) and 11:22:20 UTC (top) that propagate at
high speeds along an already existing spicule (which is outlined as a parabolic shape in the right panels). The left panels show maps of the
SJI 1400 and the rectangles highlight the spicules. For the space-time plot (right panels), we follow the intensity (in IRIS Data Numbers
per second) along the major axis of the rectangles in the left plot. The black vertical lines in the space-time plots are caused by datagaps
in the time series. This figure is accompanied by two on-line animations.
onds. The first event is at x = [13.9, 15.4] Mm, and
t ∼ 650 s and the second event is at x = [11.2, 13.6] Mm,
and t ∼ 680 s. When seen from above (top view along the
negative z-axis), these linear features would show speeds
of roughly 150-200 km s−1. When viewed from a line-of-
sight that is perpendicular to the simulated spicules, the
apparent motions would be even faster (200-300 km s−1).
Our simulations show that the apparent jets (observed in
TR lines) occur around the time of the maximum extent
of the chromospheric spicule (visible as parabolic paths
overdrawn in Fig. 2), i.e., when the chromospheric mass
flows are already much reduced (of order < 20 km s−1)
compared to the very high chromospheric mass flows (up
to 70 km s−1) during the initial acceleration of the jet. At
the time of the occurrence of the TR counterparts, their
apparent speeds are thus much higher than the chromo-
spheric mass flows.
The cause for these apparent Si IV 1402A˚ jets is eluci-
dated by Figure 3 which shows the temporal evolution of
the temperature and the synthetic Si IV 1402A˚ intensity.
In the center of the domain (x = 12− 14.5 Mm), we can
see two fully developed spicules that undergo very rapid
thermal changes. The spicule located on the left hand
side (x ∼ 12−14 Mm) shows an increase of Si IV intensity
from its footpoint towards the top, all along the right side
during the time range t = 660 − 680 s. This sudden in-
crease in transition region spectral line intensity is caused
by a thermal perturbation that propagates upward along
the spicule and travels roughly 3 Mm in about 10 to 20 s,
i.e., with a propagation speed of 150-300 km s−1 along
the spicule (Figure 3). This heating front is localized in a
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Fig. 2.— Space-time evolution of a top-view of Si IV (in IRIS
Data Numbers per second assuming the signal would cover an
IRIS pixel of 0.166′′x 0.166′′) from a 2.5D radiative MHD simula-
tion reveals two jet-like features (inside dashed white ovals) that
propagate at high apparent speeds at t=630 s (x = 14− 15.5 Mm)
and at t=680 s (x = 11.5− 13.5 Mm), with similar speeds as seen
in the observations (Fig. 1). These jets form on already exist-
ing spicules (whose space-time path is outlined with dashed white
parabolas). The vertical solid lines are the instances shown in Fig-
ures 3 and 4. This plot is based on a top-view of the simulation
shown in Fig. 3, i.e., the x-coordinates are the same in both figures.
very narrow region within the spicule and leads to a sig-
nificant increase in the Si IV 1402A˚ intensity. The propa-
gation speed of the heating front is much faster than the
actual mass flows at this time. The spicule on the right
hand side in Fig. 3 similarly shows a rapidly propagating
heating front that causes the earlier apparent jet that is
visible at x = 14− 16 Mm in Fig. 2.
In our simulation, the appearance of these linear fea-
tures with high apparent propagation speeds is caused
by the following mechanism. After the simulated type II
spicules are already fully formed, the low density spicular
environment causes the collision frequency between ions
and neutrals to drop, resulting in strong ambipolar dif-
fusion along the spicules. Meanwhile, in the photosphere
below the spicule, magnetic energy is built up due to the
convective motions. Large currents in the upper photo-
sphere are seen in red in the bottom row of Figure 4.
Eventually, these currents escape into the chromosphere.
For instance, see the current on right hand side of the left
spicule between t = [660, 680] s. These electric currents
propagate along the magnetic field at Alfve´nic speeds,
driven by tension and/or transverse waves. The map of
Alfve´n speeds shown in the top panel of Figure 5 reveals
values between 150−450 km s−1 within the spicule. Since
the ambipolar diffusion is so high along the spicule, the
magnetic energy is dissipated on very short times-scales
(a few seconds). The heating from ambipolar diffusion
is shown in the top row of Figure 4. This strong heat-
ing increases plasma temperatures from chromospheric
(∼ 8 × 103 K) to upper-chromospheric or transition re-
gion temperatures (104−105 K) on short time scales, i.e.,
between t = 660 and 680 s for the left spicule. Similar to
the intensity and temperature maps shown in Figure 3,
the heating and current are very collimated and localized
in a very narrow region along the spicule (∼ 100 km).
The cause for the high apparent speeds is illustrated fur-
ther in the bottom row of Fig. 5 which shows a space-
time plot along the length of (and summed across) the
two spicules. The first apparent jet occurs in the right
spicule (t=630s) and is associated with a strong current
and associated heating front that causes a large increase
in Si IV 1402A˚ intensity. The second apparent jet follows
a similar scenario and occurs at t=670s in the left spicule
at somewhat greater heights. These time-scales, speeds,
and synthetic observables all are in agreement with the
observations (Tian et al. 2014; Narang et al. 2016). We
note that this is not the only possible cause for fast ap-
parent jets at transition region temperatures. As men-
tioned, the initial violent acceleration of the spicule often
involves mass motions of order 70 km s−1: it is thus pos-
sible that the low-end of the reported velocity range is
associated with real mass motions. However, our results
suggest that the bulk of the very high apparent speeds are
likely caused by heating fronts that propagate at Alfve´nic
speeds.
5. DISCUSSION & CONCLUSIONS
Our results suggest that fast apparent motions seen in
linear features that appear to be the transition region
counterparts of spicules (Tian et al. 2014) are often not
caused by real mass motions. Instead these motions in
the plane-of-the-sky are of order 100-300 km s−1 and may
be caused by the rapid propagation, at Alfve´nic speeds,
of heating fronts. A detailed comparison with our 2.5D
radiative MHD simulation indicates that these heating
fronts are an integral part of the spicule formation pro-
cess and caused by the rapid dissipation of electric cur-
rents that propagate from the photosphere through the
spicule into the corona. The dissipation mechanism is
driven by the collisions between ions and neutrals: in
the low density spicular environment, the ion-neutral col-
lision frequency is significantly decreased leading to slip-
page between the ionized and neutral particles. This
slippage causes dissipation of currents and subsequent
heating of plasma.
Our simulation can explain the well-known mismatch
between the speeds measured from imaging timeseries
(100-300 km s−1) and spectroscopic measurements of
Doppler shifts (< 100 km s−1). It also suggests that
the linear shape of such features, often taken as a signa-
ture for the presence of a jet, may be misleading. In our
case the linear feature forms because plasma is heated
along an already formed jet, but the rapid formation of
the linear features is not necessarily associated with the
formation of the jet. It means that the observed motions
are not caused by mass motions, which impacts the esti-
mated mass and kinetic energy flux that these jets may
provide into the solar wind (Tian et al. 2014). Our results
not only provide an explanation for the rapid “network
jets” observed with IRIS (Tian et al. 2014), but could
also provide an explanation for the rapid upper chromo-
spheric signals that have been recently observed with the
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Fig. 3.— Maps of temperature (top row), and Si IV 1402A˚ emissivity (bottom row) from our numerical simulation reveal very fast thermal
evolution and accompanying increase in Si IV 1402A˚ intensity along already existing spicules. The time interval between the snapshots
is only 10 s. The dashed ovals highlight the increased Si IV emission that is associated with the propagation and dissipation of electrical
currents and subsequent heating of threads in the spicule. These threads cause the almost vertical bright features (dashed white ovals)
in Fig. 2. This figure is accompanied by two on-line animations, one showing the temporal evolution of the figure, and one blinking the
temperature and Si IV 1402A˚ emissivity plots.
CLASP rocket instrument (Kubo et al. 2016).
The excellent match between the simulation and obser-
vations provides more support for the spicule formation
mechanism proposed by Mart´ınez-Sykora et al. (2017b).
This model proposes that spicules form when ambipolar
diffusion in the low chromosphere allows magnetic fields,
resulting from the interaction between strong network
or plage fields and the ubiquitous, weak, granular-scale
magnetic fields, to emerge into the upper chromosphere.
The subsequent violent release of magnetic tension drives
strong mass flows and heating when the associated elec-
tric currents are dissipated. The heating produced by
the dissipation of these currents is significant and could
potentially play a substantial role in the energy balance
of the chromosphere. Further studies will be required
to determine whether spicules (or “straws”) indeed play
a substantial role in heating the chromosphere as tenta-
tively suggested by Cauzzi et al. (2009).
Our results show that there are indeed strong mass mo-
tions caused by ejection of spicular material along flux-
tube like features. The fast apparent motions in some
observables are caused by vigorous heating from the dis-
sipation through ambipolar diffusion of upward propa-
gating electrical currents. Our results thus indicate that
chromospheric spicules or their transition region coun-
terparts do not appear to be caused by random superpo-
sition or warping of current sheets along the line-of-sight
(as suggested previously by Judge et al. 2011).
Despite the complex and large variety of physical pro-
cesses included in this simulation, it suffers from cer-
tain limitations which one must address in further stud-
ies. This model is limited to only 2.5 spatial dimensions
and assumes that Hydrogen and Helium ionization are
in statistical equilibrium, whereas in the chromosphere
both are far from statistical equilibrium (Leenaarts et al.
2007; Golding et al. 2014). In addition, the generalized
Ohm’s law is based on limiting assumptions which may
break down in the dynamic spicular environment: a full
multi-fluid approach will provide further insight into the
role of ion-neutral interactions in spicules. Finally, while
the numerical resolution is high enough to properly treat
the ambipolar resistivity, the lack of 3D treatment and
resolution means that we cannot exclude the possibil-
ity that the actual dissipation mechanism driving the
heating fronts is intimately connected to dissipation of
Alfve´n waves, e.g., through the Kelvin Helmholtz insta-
bility (Antolin et al. 2015).
IRIS is a NASA small explorer mission developed and
operated by LMSAL with mission operations executed at
NASA Ames Research center and major contributions to
downlink communications funded by ESA and the Nor-
wegian Space Centre. We gratefully acknowledge sup-
port by NASA grants NNX11AN98G, NNX16AG90G,
and NASA contracts NNM07AA01C (Hinode), and
NNG09FA40C (IRIS). The simulations have been run on
clusters from the Notur project, and the Pleiades cluster
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Fig. 4.— Maps of Joule heating due to the ambipolar diffusion (top row), and current density (bottom row) from our numerical simulation
reveal currents being propagated at Alfve´nic speed and dissipated along already existing spicules. The interval between the snapshots is
only 10 s. The temperature at 104 K is shown with white contours.
through the computing project s1061 from the High End
Computing (HEC) division of NASA. Snapshots from
this numerical simulation (en096014 gol) are publicly
available as part of the IRIS modeling archive. Details
can be found at http://iris.lmsal.com/modeling.html .
To analyze the data we have used IDL.
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